A major goal in vision research over the past few decades has been to understand the molecular details of retinoid processing within the retinoid (visual) cycle. This includes the consequences of side reactions that result from delayed all-trans-retinal clearance and condensation with phospholipids that characterize a variety of serious retinal diseases. Knowledge of the basic retinoid biochemistry involved in these diseases is essential for development of effective therapeutics. Photoisomerization of the 11-cis-retinal chromophore of rhodopsin triggers a complex set of metabolic transformations collectively termed phototransduction that ultimately lead to light perception. Continuity of vision depends on continuous conversion of all-trans-retinal back to the 11-cis-retinal isomer. This process takes place in a series of reactions known as the retinoid cycle, which occur in photoreceptor and RPE cells. All-trans-retinal, the initial substrate of this cycle, is a chemically reactive aldehyde that can form toxic conjugates with proteins and lipids. Therefore, much experimental effort has been devoted to elucidate molecular mechanisms of the retinoid cycle and all-trans-retinal-mediated retinal degeneration, resulting in delineation of many key steps involved in regenerating 11-cis-retinal. Three particularly important reactions are catalyzed by enzymes broadly classified as acyltransferases, short-chain dehydrogenases/ reductases and carotenoid/retinoid isomerases/oxygenases.
Introduction: regeneration of the chromophore: retinoid cycle
The pioneering studies of Boll and Kühne ca. 1877 demonstrated that exposure of frog retinas to light resulted in a series of color changes from purplish-red to yellow and then from yellow to white [1] . This process is known as photochemical bleaching and results from the sequential photoisomerization and hydrolysis of the rhodopsin chromophore [2] . A critical discovery made by Kühne was that the bleached retina could regain its purplish-red hue when repositioned in the back of the eye on top of the monolayer of cells known as the RPE and incubated in the dark [1] . This finding provided the first evidence that the RPE contained enzymatic activities necessary for regeneration of visual chromophore. The principle reactions comprising the retinoid (visual) cycle were delineated by George Wald in the 1940's [3] but several more decades of research were required before the actual enzymes that catalyze these reactions began to be identified.
Today we know that to sustain vision, all-trans-retinal released from light-activated rhodopsin must be enzymatically isomerized back to the 11-cis isomer. This process occurs by a sequence of reactions catalyzed by membrane-bound enzymes of the retinoid cycle located in rod and cone photoreceptor cell outer segments (OS) and the retinal pigment epithelium (RPE) (Fig 1) [4] [5] [6] [7] . The first step in the retinoid cycle involves RDH-catalyzed reduction of all-trans-retinal released from light-activated visual pigments to all-transretinol (see also [8] ). A portion of the freed all-trans-retinal is released into the disk lumen and must be transferred to the cytosol by the ATP-binding cassette transporter 4 (ABCA4) in order to be reduced (reviewed in [9] ).
Several critically important reactions take place during this series of metabolic transformations. The first is the lecithin:retinol acyltransferase (LRAT) reaction that catalyzes esterification of retinols by fatty acid moieties in the RPE [10] . This reaction is important both for retaining ocular retinol generated from photoactivated visual pigments in photoreceptors and capturing retinol present in the circulation [11] . This process is facilitated by two retinoid-binding proteins: interphotoreceptor retinoid-binding protein (IRBP), which binds retinoids in the extracellular space, and cellular retinol-binding protein-1 (CRBP1) located within RPE cells [12, 13] . Resulting retinyl esters are substrate for isomerization [14] . Because of the propensity of fatty acid retinyl esters to cluster, these compounds are retained in lipid droplets of the RPE called retinosomes [15] [16] [17] [18] [19] [20] .
Two important redox reactions take place in photoreceptors and the RPE. Retinal released from visual pigments must be reduced to retinol in the photoreceptor OS, which then diffuses into RPE where it is esterified by LRAT. This reduction is extremely important for the health of the retina, because retinal, which can reach millimolar concentrations following a strong photobleach, is extremely toxic to photoreceptor cells and the RPE [21] [22] [23] [24] [25] [26] [27] . A high flux of retinoids through the retinoid cycle, as occurs during intense light exposure, can lead to both elevated levels of toxic retinoid intermediates, especially all-trans-retinal, and photoreceptor degeneration. However, the mechanisms by which all-trans-retinal and/or its condensation products lead to photoreceptor cell death have not been completely elucidated. The second redox reaction, in this case an oxidation, generates 11-cis-retinal from the 11-cis-retinol isomerization product. This reaction occurs in the RPE.
RPE65 catalyzes the formation of 11-cis-retinol from all-trans-retinyl esters [28] [29] [30] . This unique biochemical reaction consists of an atypical ester cleavage coupled to a trans-to-cis double bond isomerization. The reaction occurs in the RPE and is thought to be the ratelimiting step of the retinoid cycle. Although, regeneration of rhodopsin requires 11-cisretinal supplied from the RPE, but cones are not exclusively dependent on RPE65-mediated isomerization [7, [31] [32] [33] [34] [35] [36] . Biochemical studies in cone-dominant ground-squirrels and chickens [33] , as well as genetic studies in zebrafish (Danio rerio), support the existence of a separate "cone visual cycle" [34, 35] . Confirmation of this alternative visual cycle awaits identification of genes that encode proteins responsible for its key enzymatic steps.
Here we focus on the three key retinoid cycle reactions catalyzed by LRAT, RDHs and RPE65 with an updated analysis of published results.
Lecithin:retinol acyltransferase (LRAT) -structure, catalysis, and physiological significance
Retinyl esters are bioactive storage metabolites of vitamin A. Because of their chemical stability and hydrophobicity, these compounds serve as a transport and storage form of vitamin A in vertebrates and therefore play an essential role in maintenance of retinoid homeostasis. Vitamin A esters can be formed in vivo by enzymatic transfer of activated fatty acyl moieties from acyl-CoAs or directly from a phospholipid donor. However, phospholipid-dependent synthesis is quantitatively the most dominant pathway of retinyl ester production [11, 37, 38] . An acyl-CoA-independent retinol esterification enzymatic activity was described for the first time in a microsomal fraction isolated from rat small intestine [39] . Shortly thereafter, LRAT activity was reported to be the main contributor to retinyl ester formation in liver and the RPE, and the fatty acid moiety in the sn-1 position of phosphatidylcholine (PC) was identified as an endogenous acyl source for retinyl ester formation [10, 40] . These initial studies opened the avenue for further detailed biochemical characterization of lipid-dependent acyltransferase enzymatic activity. Particularly the discovery of suicidal inhibitors such as N-Boc-l-biocytinyl-11-aminoundecane chloromethyl ketone permitted specific labeling of the protein and consequently molecular identification of this enzyme and its corresponding gene in 1999 [41] .
Molecular characterization of LRAT
The LRAT gene is located in human chromosome 4 at locus 4q32.1 and encodes a membrane bound protein with a molecular weight of 25.7 kDa. LRAT expression is found in various tissues with largest level in liver, RPE, and small intestine, followed by pancreas, colon, and brain of vertebrates [41] . Based on its amino acid sequence and predicted secondary structure, LRAT is classified as a member of the NlpC/P60 thiol peptidase protein superfamily [42] . The common features shared by members of this class of proteins are three preserved residues involved in the catalytic activity: Cys, His, and a polar amino acid arranged in a similar way with respect to the conserved secondary structural elements. Interestingly, besides LRAT there are two distinct subfamilies that are part of the LRAT family present in vertebrates. These are represented by uncharacterized human neuronalsensitive proteins (NSE1 -2) and H-Ras-like tumor suppressor proteins (HRASLS1 -5) which share a common 5 amino acid stretch that contains a catalytic Cys residue (NCEHFV) [42] . Interestingly, despite a highly conserved catalytic domain, HRASLS proteins display phospholipase A1/2 rather than acyltransferase enzymatic activity [43] [44] [45] . The only exception is HRASLS5 which transfers an acyl moiety from PC onto phosphatidylethanolamine (PE) to form N-acylphosphatidylethanolamines that serve as precursors of bioactive N-acylethanolamines, including the endocannabinoid anandamide [46] . Although the structure of LRAT has yet to be determined, recently deposited NMR coordinates for the LRAT-like protein, human HRASLS3, provide important insights into the molecular organization of this group of proteins [47] . The HRASLS3 structure contains a six-stranded anti-parallel β-sheet and three α helices with a β1-β2-β3-β4-α1-β5-α2-β6-α3 sequential connectivity. Consequently, whereas its overall fold is similar to that of other NlpC/P60 peptidases, there are significant topological differences derived from a circular permutation within the catalytic domain of classical NlpC/P60 proteins [42] . Conserved catalytic Cys113 and His23 residues corresponding to Cys161 and His60 in the sequence of human LRAT define the active site of HRASLS3 and are located at the N-terminus of helix α3 and β-sheet β2, respectively ( Fig. 2A) . Interestingly, the NMR structure of HRASLS3 permitted identification of the third residue (His35) predicted to be involved in the catalysis.
Based on this finding, His72 was proposed to complete the catalytic triad in LRAT rather than the previously reported Tyr154 (Tyr105 in HRASLS3). Indeed, Tyr154 is located in a loop between β-sheet 6 and the C-terminal helix about 7.8 Å away from the sulfur atom of catalytic Cys and 9.8 Å from nearest nitrogen atom of the His residue in both the HRASLS3 structure and LRAT homology model [48] . By analogy with thiol proteases, His35 (His72 in LRAT) might play a role in properly orienting His23 (His60 in LRAT) to hydrogen bond with Cys113. This hypothesis is supported by experiments in which the His72Gln mutant of LRAT was more active than wild-type protein [49] . Moreover, replacement of Tyr154 with Ala did not affect retinyl ester formation in a COS-7 cell line overexpressing mouse LRAT (unpublished observation, Moise A. and Golczak M.).
Enzymatic steps of LRAT
Because LRAT is presumably structurally similar to thiol proteases, it adapts similar catalytic strategy (Fig. 2B) . Thus, in the first step of catalysis, deprotonated Cys161 serving as a nucleophile attacks the carbonyl carbon of an ester bond in a substrate forcing the carbonyl oxygen to accept a pair of electrons and transforming the sp 2 -hybridized carbon into an sp 3 -hybridized tetrahedral intermediate. Collapse of this intermediate leads to covalent acylation of the protein in the form of a transient thioester and liberation of lyso-PC. In the case of a hydrolysis reaction, an activated water molecule attacks the carbonyl carbon of the thioester causing formation of another tetrahedral intermediate. Because the hydroxyl is a poorer leaving group than the C-terminal fragment, the tetrahedral intermediate breaks down releasing a free fatty acid. However, the acyltransferase activity of LRAT requires exclusion of water and binding of retinol in LRAT's active site. Deprotonation of the hydroxyl group of retinol permits decomposition of the thioester intermediate and formation of retinyl ester. Several lines of evidence support the above model of LRAT's enzymatic catalysis. Initially, evidence that indicated a role for Cys161 and His60 in catalysis was derived from site-directed mutagenesis studies where replacement of these two amino acids abolished retinyl ester formation [49, 50] . Moreover, kinetic studies suggest an ordered sequence of catalytic events whereby phospholipid binding is followed by release of lyso-PC prior to retinol acceptance and final product formation (ping-pong bi-bi mechanism) [51] . However, definitive proof of the proposed mechanism was obtained by trapping the catalytic intermediate in the absence of acyl acceptor and direct detection of covalent thioester protein modification by mass spectrometry [52] .
Membrane topology and access to substrates
Localized in the endoplasmic reticulum, LRAT is an integral membrane protein that assumes a single membrane-spanning topology with a cytoplasmic N-terminus and a luminal C-terminal segment [53] . Interestingly, a C-terminal truncated, soluble form of LRAT retains enzymatic activity but preferentially uses short acyl phospholipids such as 6:0 to 9:0 PCs as substrates with monomeric concentrations in the micromolar range. However, lipid substrates with acyl lengths exceeding 10 carbons that form aggregates in aqueous solution cannot be accessed by the same protein [52] . Thus, the C-terminal membrane-anchoring domain is not strictly required for the enzymatic activity but is indispensible for posttranslational targeting of the protein to the membrane in transmembrane domain recognition complex dependent manner and therefore determines lipid substrate specificity of LRAT [54, 55] . Consequently, the most dominant retinyl ester found in vivo is retinyl palmitate (16:0) followed by much smaller amounts of retinyl stearate (18:0) and myristate (14:0) which reflects the cellular fatty acyl composition at the sn-1 position of PC [16] . Under physiological conditions, access to the second substrate, retinol, is facilitated by three cellular-retinol-binding proteins (CRBP-I, II, and III) which are differentially expressed in various tissues. In fact, retinol bound to CRBPs is preferred among the pool of retinoids used for retinyl ester production [39] . The importance of CRBPs is manifested by studies of knockout animal models. Depletion of CRBP-I, found in liver, eye, and kidney, causes lower levels of hepatic retinyl esters and consequently makes knockout mice more vulnerable to vitamin A deficiency if they are maintained on a vitamin A-restricted diet [56] . Moreover, accumulation of all-trans-retinol in neural retina accompanied by a reduced amount of retinyl esters in the RPE suggests that CRBP-I participates in a process that drives diffusion of all-trans-retinol to the RPE and LRAT for esterification [57] . Lack of CRBP-II, which is primarily expressed in intestine, causes a reduction of dietary retinol absorbance and increases neonatal mortality upon vitamin A restriction [58] . Finally, disruption of the Crbp-III gene leads to a decrease in the amount of retinol secreted by mammary tissue into milk [59] . Although the phenotypes described above are not severe, they clearly indicate cooperativity between CRBPs and LRAT in maintaining vitamin A homeostasis.
The physiological role of LRAT
The physiological role of LRAT has been best studied in knockout animal models. Lrat −/− mice primarily manifest an impaired uptake and accumulation of vitamin A as evidenced by complete absence of retinyl esters in nearly all examined tissues. The only exception is adipocytes that do not require LRAT for retinyl ester formation but instead employ an acylCoA-dependent reaction as the dominant mode for retinol esterification [60, 61] . Absence of LRAT impairs three crucial stages of retinoid metabolism, namely absorption of vitamin A from the lumen of the small intestine, its storage in liver stellate cells, and tissue specific vitamin A uptake. In addition to impaired retinoid accumulation, lack of sequestration of retinol in the form of retinyl esters makes Lrat −/− mice more susceptible to retinoic acid toxicity when they are maintained on a vitamin A sufficient diet. This is evidenced by upregulation of the Cyp26 gene in Lrat −/− mice and in model studies on the development of zebra fish embryos [11, 38, 62] . However, the most dramatic phenotype of Lrat −/− mice is manifested in the eye where, in addition to ensuring efficient vitamin A uptake in a STRA6-dependent manner [63] , LRAT plays a distinctive role in directly providing substrate for visual chromophore regeneration in a reaction catalyzed by RPE65 [11, 64, 65] . Therefore, complete absence of retinyl esters in eyecups of Lrat −/− mice is accompanied by lack of 11-cis-retinoid production that results in severe attenuation of visual function at a very early age. The ensuing deficiency in rhodopsin regeneration leads to a progressive retinal degeneration manifested by a shortening of rod OS accompanied by disorganization of the synaptic terminals of photoreceptor cells. In conclusion, LRAT is an indispensable component of the vitamin A metabolic pathway that includes the retinoid cycle in the eye. It is also one of only two enzymes (besides RPE65) absolutely required for 11-cis-retinoid production in the RPE.
LRAT activity is needed to store retinylamine in the eye
Retinylamine, an inhibitor of retinoid isomerase (RPE65) was used to prevent light-induced retinal degeneration [66, 67] . Interestingly, LRAT catalyzes acyl transfer not only to retinoids with a hydroxyl group but also to those with an amino functional group [16] . Consequently, retinylamine is a good substrate for LRAT, which facilitates formation of retinylamides (predominantly retinyl palmitamide). This crucial property of LRAT permits the use of the vitamin A metabolic machinery to absorb, deliver, store, and preserve retinylamine in selected tissues. Similar to retinol, retinylamine is acylated in enterocytes and transported in chylomicrons to the liver where it is stored in the form of amides in hepatic stellate cells. Subsequently after hydrolysis, free retinylamine is secreted into the systemic circulation, either bound to RBP or albumin, where it can be picked up by peripheral tissues including the RPE. This process is driven by re-amidation of retinylamine by LRAT [68] . Newly formed retinylamides are stored in the same lipid droplets (retinosomes) as retinyl esters [16] . Retinylamine is then slowly released over a period of many days to act as a potent inhibitor of RPE65.
Retinol dehydrogenases
Two reactions of the retinoid cycle are catalyzed by retinol dehydrogenases (RDHs). Based on biochemical approaches, several RDHs involved in the retinoid cycle have been identified. Reduction of all-trans-retinal to all-trans-retinol in photoreceptors is catalyzed by all-trans-RDHs, whereas oxidation of 11-cis-retinol to 11-cis-retinal in the RPE is catalyzed by 11-cis-RDHs. RDHs belong to the short-chain dehydrogenase/reductase (SDR) family, which catalyzes NAD(H)-/NADP(H)-dependent oxidation/reduction reactions (Fig. 3) . The SDR family consists of functionally heterogeneous proteins involved in the metabolism of retinoids, steroids, prostaglandins, aliphatic alcohols and xenobiotics [69] . To date, about 3,000 proteins from various species have been annotated in sequence databases as members of the SDR superfamily based on SDR signature features of the nucleotide-binding motif, TGXXXGXG, and the catalytic tetrad, NSYK, which constitutes the active site [69] . RDH5, RDH8, RDH10, RDH11, RDH12, RDH13, RDH14 and retSDR1 have all been identified by their expression in the retina and RPE (Fig. 4) .
All-trans-retinol dehydrogenases
Reduction and oxidation of retinoids are key reactions of the retinoid cycle. NADPHdependent reduction of all-trans-retinal in photoreceptor OS is the first step in the regeneration of bleached visual pigments. RDH8 and RDH12 are the major all-trans-RDHs in rod and cone cells, and retSDR1 is a cone-specific all-trans-RDH that catalyzes this reaction [8] .
Retinol dehydrogenases: RDH8-RDH8
(also known as photoreceptor RDH, prRDH) was identified in 2000 by Rattner and colleagues [70] . RDH8 showed significant homology and 48% identity with 17-hydroxysteroid dehydrogenase type 1. The human RDH8 gene is located in chromosome 19 at 19p13.2, and RDH8 protein expression is limited to the retina. Immunohistochemistry with anti-RDH8 antibody reveals subcellular localization of RDH8 in the OS of rod and cone photoreceptors. RDH8 demonstrates a substrate and a cofactor preference for all-trans-retinal [70] and NADPH [71] . The main phenotype of Rdh8 −/− mice is delayed clearance of all-trans-retinal after bright light illumination [72] , which is not accompanied by abnormal Meta-II decay of rhodopsin [72] confirming the role of RDH8 in the retinoid metabolism in the eye.
Although Rdh8 −/− mice displayed: (1) accumulation of all-trans-retinal after intense illumination, (2) delayed dark adaptation, and (3) slightly increased accumulation of A2E, a product of all-trans-retinal conjugation with phosphatidylethanolamine, no significant retinal degeneration was observed under room lighting conditions [72] . Abnormal retinal morphology and retinal function recorded by scotopic and photopic electroretinograms (ERG) were not evident in Rdh8 −/− mice [72] . These findings implicate the existence of other RDHs with all-trans-RDH activity in the retina.
Notably, Rdh8 −/− Abca4 −/− mice with a double deletion of RDH8 and ABCA4, a photoreceptor-specific ATP-binding cassette transporter which shuttles all-trans-retinal or its metabolites from the inside to the outside of disc-membranes [9] , displayed a cone-rod dystrophy with characteristic features that mimic human age-related macular degeneration (AMD). These included lipofuscin accumulation, photoreceptor/RPE dystrophy, complement deposition at Bruch's membrane and choroidal neovascularization (CNV) [27] . Even though RDH8 mutations in human retinal diseases have not been reported, a pathogenic role of all-trans-retinal in human retinal diseases must be considered because both RDH8 and ABCA4 proteins are responsible for all-trans-retinal removal from the photoreceptors.
Retinol dehydrogenases: RDH12-Studies of
Rdh8 −/− mice support an auxiliary role for RDH8 in the retinoid cycle and provide further evidence for an alternative RDH(s) that produces all-trans-retinol in photoreceptors and can compensate for the lack of RDH8. Haeseleer et al. identified RDH12 in photoreceptor cells in 2002 [73] . The RDH12 gene is located in human chromosome 14 at 14q24.1, and its highest expression occurs specifically in the retina. RDH12 expression is also detectable in kidney, pancreas, liver, prostate, testes and brain [74] . This enzyme is a 316 amino acid protein with a calculated molecular mass of 35 kDa, that is localized to the inner segments of rod and cone photoreceptors [75, 76] .
RDH12 is an NADPH-dependent retinal reductase with a maximal activity toward 9-cis-and all-trans-retinoids; however, this enzyme can also utilize medium-chain aldehydes as substrates [73] . RDH12 appears to be a key enzyme involved in the visual processes, because disabling mutants of this gene lead to an early-onset rod/cone dystrophy termed Leber congenital amaurosis (LCA) [77, 78] . However, Rdh12 −/− mice kept under regular laboratory lighting conditions (~50 lux) failed to display the severe retinal degeneration seen in humans with disabled RDH12 [75, 76] . Even though Rdh12 −/− mice manifested a delayed all-trans-retinal clearance and a slow dark adaptation recorded by ERGs, both changes were much smaller than those found in Rdh8 −/− mice. A study with Rdh8 −/− , Rdh12 −/− and Rdh8 −/− Rdh12 −/− mice revealed that RDH8 was responsible for ~70% of all-trans-RDH activity in the retinoid cycle, whereas RDH12 accounted for ~30% of this activity [79] . Although retinas from Rdh8 −/− Rdh12 −/− mice had lost ~98% of their all-trans-RDH activity, these mice surprisingly still converted all-trans-retinal to all-trans-retinol in vivo. Indeed Rdh8 −/− Rdh12 −/− mice showed only mild retinal changes at 6 months of age when kept in a regular laboratory light/dark cyclic environment. Thus, less than 2% of total alltrans-RDH activity in photoreceptors is needed to maintain sufficient retinoid homeostasis in mice under room under such conditions. The discrepancy in retinal phenotypes between humans and mice probably originate from normal differences in retinal regeneration rate. Mice are nocturnal and thus are exposed to lower levels of retinal illumination compared to humans. Consistently, the mouse retina is characterized by a higher rod to cone ratio compared to the human retina [80, 81] . Visual pigment regeneration rate in rods is slower than that in cones [7, 33] . Therefore, retinal phenotype in mice might be much milder than in humans as a result of less rapid retinoid flux through the retinoid cycle.
The primary role of RDH12 is still unclear, because RDH12 contributes less than RDH8 to the reduction of all-trans-retinal, and because RDH12 mutations cause early-onset severe retinal degeneration whereas RDH8 mutations have yet to be found in human retinal diseases. Notably in vitro experiments with COS-7 cells that exhibit human disease mutations showed that decreased RDH activity was associated with greater disease severity [77, 82] , and that RDH12 loss-of-function mutations resulted in a characteristic form of early and progressive rod-cone degeneration that differs from that caused by mutations in other LCA genes [83] . Rdh12 −/− mice are more susceptible to light-induced retinal degeneration than WT mice, and detoxification of aldehydes produced by light is considered one of the important functions of RDH12 [84] .
Retinol dehydrogenases: retSDR1-Haeseleer et al. identified retSDR1 as
belonging to the SDR superfamily and localizing predominantly to cone photoreceptors [85] where its expression implies an important role in reducing all-trans-retinal. The human retSDR1 gene is located on chromosome 1 at 1p36.1, and the protein is also expressed in pancreas, liver, kidney and placenta, suggesting that it is involved in retinol metabolism outside of photoreceptors. retSDR1 displayed a substrate specificity for all-trans-retinal but not for 11-cis-retinal. Homology modeling of retSDR1 with the carbonyl reductase structure used as a scaffold predicted a classical Rossmann-fold for nucleotide binding, and an Nterminal extension that could facilitate binding of the enzyme to cell membranes. Neither in vivo cellular/animal studies nor patient-oriented studies of this enzyme have yet been reported.
11-cis-Retinol dehydrogenases
11-cis-RDH catalyzes the final oxidation step in the retinoid cycle [4, 6] , namely conversion in the RPE of 11-cis-retinol to 11-cis-retinal, the chromophore of mammalian visual pigments. RDH5, RDH10 and RDH11 also have been identified to catalyze this enzymatic reaction in the RPE.
11-cis-Retinol dehydrogenases: RDH5-In 1995, Simon et al. isolated RDH5
as a 32-kDa membrane-associated protein (p32) consisting of 318 amino acids, that forms a complex with RPE65 [86] . Our recent study demonstrates that RPE65 operates in a multiprotein complex with RDH5 and retinal G protein-coupled receptor (RGR) in RPE microsomes [87] . Based on the experimental data, Cys175 within the RDH5 peptide 167LAANGGGYCVSK178 and Cys231 within the RPE65 sequence 223SEIVVQFPCSDR234 became cross-linked and therefore are likely to exist in close proximity to each other in native RPE membranes. The human RDH5 gene is located on chromosome 12 at 12q13-q14, and is expressed predominantly in the RPE. COS cellexpressed RDH5 has a NADH cofactor specificity [86] . Disabling mutations of its gene cause autosomal recessive fundus albipunctatus, a rare form of human night blindness [88] . Initially, it was thought that fundus albipunctatus was a congenital stationary night blindness characterized by the appearance of numerous small white dots in the RPE together with delayed dark adaptation [89] . However, more recently it was noted that some patients with fundus albipunctatus developed progressive cone dystrophy [90, 91] . Surprisingly, Rdh5 −/− mice failed to mimic the retinal phenotype observed in humans with RDH5 mutations. These mice manifested only a delay in dark adaptation along with accumulation of 11-cisand 13-cis-retinyl esters [92] . Interestingly, a study of RPE from Rdh5 −/− mice demonstrated that lack of RDH5 also leads to an accumulation of cis-retinoids, especially 13-cis-retinyl esters. Analysis of Rdh5 −/− mice showed that RDH(s) responsible for the production of 11-cis-retinal display NADP-dependent specificity toward 9-cis-and 11-cisretinal but not 13-cis-retinal. Lack of 13-cis-RDH activity could be a reason why 13-cisisomers accumulate in the RPE of Rdh5 −/− mice [93] . Indeed, Stecher et al and later Redmond et al. demonstrated that RPE65 is not inherently 11-cis-specific and can produce both 11-cis and 13-cis-retinoid isomers [94, 95] . Moreover, the 13-cis-retinoid isomer accumulation can be related to the pathology of fundus albipunctatus [15] .
11-cis-Retinol dehydrogenases: RDH11-RDH5
is responsible for most of the 11-cis-RDH activity in the RPE, but formation of 11-cis-retinal in Rdh5 −/− mice suggests that another enzyme(s) is present. Additional members of the RDH family expressed in the eye that catalyze reduction/oxidation reactions were identified by Haseleer et al. together with RDH12 [73] . One of these enzymes, RDH11, encoded by the human RDH11 gene located on chromosome 14 at 14q24.1, was initially designated as prostate SDR 1 (PSDR1) based on its hallmark SDR protein motifs, the cofactor-binding site (TGXXXGXG), catalytic residues (YXXXK), and its high transcript expression level in the human prostate [96] . Subsequently RDH11 was identified as a gene regulated by sterol regulatory elementbinding protein (SREBP), a transcription factor that coordinately regulates the expression of enzymes involved in cholesterol and fatty acid synthesis [97] . Expression of RDH11 was detected in the RPE by immunoblot [73] and its expression in photoreceptors was also demonstrated by in situ hybridization [98] . This enzyme lacks reactivity with steroid substrates but reduces other short-chain aldehydes such as 4-hydroxy-2-nonenal [97] , whereas other SDR enzymes, e.g. RDH5 and RDH12 also use steroid substrates. RDH11 has NADPH specificity and catalyzes the reduction of retinals ~50-fold more efficiently than the oxidation of retinol in vitro [99] . However, the in vivo activity of RDHs probably depends upon the relative concentration of their substrates in the immediate environment, and several lines of evidence indicate that RDH11 can have 11-cis-RDH activity in the RPE. First, RDH11 is expressed in RPE cells. Second, the remaining enzymatic activity in Rdh5 −/− RPE exhibited NADPH cofactor specificity and reduced levels of all-trans-, 9-cis-, and 11-cis-retinal in vitro enzyme assays using RPE protein fractions [93] . Third, this residual 11-cis-RDH activity in the Rdh5 −/− RPE was membrane-associated [93] , a characteristic consistent with the known subcellular location of RDH11 [100] .
To investigate the role of RDH11 in the eye, Rdh11 −/− mice were examined. Although these mice failed to show a significant dysfunctional retinal phenotype, 73% more cis-retinyl esters were stored in Rdh5 −/− Rdh11 −/− mice than in Rdh5 −/− mice after light illumination. Single-flash ERGs of Rdh11 −/− mice showed normal responses under dark-and lightadapted conditions, but exhibited delayed dark adaptation following high bleaching levels of light. Rdh5 −/− Rdh11 −/− mice also had normal ERG responses under dark-and light-adapted conditions, but featured an enhanced delay in dark adaptation relative to either Rdh11 −/− or Rdh5 −/− mice [101] . Taken together, these results suggest that RDH11 has a measurable backup role in regenerating visual pigments by complementing RDH5 as an 11-cis-RDH in RPE cells. They also indicate that an additional unidentified enzyme(s) oxidizes 11-cisretinol or that an alternative pathway contributes to the retinoid cycle.
11-cis-Retinol dehydrogenases:
RDH10-Full-length RDH10 was cloned from human, cow, and mouse by Wu et al. in 2002 [102] . The human RDH10 gene is located in chromosome 8 at 8q21.11 and encodes a protein of 341 amino acids. Human RDH10 shares 100% and 98.6% amino acid sequence identity with the bovine and mouse proteins, respectively. RDH10 protein is predominantly expressed in the microsomal fraction of the RPE. Human RDH10 expressed in COS cells oxidized all-trans-retinol to all-trans-retinal. RDH10 displayed substrate specificity for all-trans-retinol and preferred NADP as a cofactor. Its expression was also detected in Müller cells [103] , kidney, liver, small intestine, placenta, lung, heart, and skeletal muscle, with placenta, kidney and liver exhibiting the strongest expression [104] . RDH10 is essential for synthesis of embryonic retinoic acid and required for limb, craniofacial, and organ development [105] . Its catalytic role in the retinoid cycle was initially considered to involve converting all-trans-retinol to all-trans-retinal in Müller cells, thereby providing a substrate for RGR to produce 11-cis-retinal. In 2009, colocalization of RDH10 with RPE65 and CRALBP in the RPE was reported as was its more robust activity with NAD than NADP [106] . RDH10 may function in the RPE as an 11-cis-RDH, thereby partially compensating for the loss of RDH5 function in patients with fundus albipunctatus.
Additional retinol dehydrogenases in the eye
Expression of RDH13 and 14 was found in the eye, but a specific role in the retinoid cycle has not been identified.
Retinol dehydrogenases: RDH13-Along
with other SDRs, RDH13 was identified in the eye in 2002 and its expression was examined by immunohistochemistry [73, 107] . The human RDH13 gene is found on chromosome 19 at 19q13.42 in humans. Human RDH13 shares 83% protein sequence identity with mouse RDH13 and 72% identity with frog RDH13. Moreover, the corresponding genes have a similar genomic organization, indicating that RDH13 is conserved across species. Antibodies recognizing RDH13 labeled inner segments of both rod and cone photoreceptors in human and monkey retina. RDH13 also exhibits a wide tissue distribution including heart, lung and kidney, but is a mitochondrial rather than a microsomal protein. Kinetic analysis of the purified protein shows that RDH13 is catalytically active with retinoids as substrates. This enzyme exhibits a much lower K M value for NADPH than for NADH [107] . The high degree of conservation, ubiquitous expression pattern and localization of RDH13 at the entrance to the mitochondrial matrix, suggests that this protein may function to protect mitochondria against oxidative stress associated with highly reactive retinals produced from dietary β-carotene and retinoids in the retinoid cycle. However, until recently, no enzymatic activity for RDH13 has been demonstrated in vivo.
Retinol dehydrogenases: RDH14-RDH14
also was discovered in the eye in 2002 along with other SDRs by Haeseleer et al. [73] . The human RDH14 gene is located in chromosome 2 at 2p24.2. mRNA for this dehydrogenase localizes in the photoreceptor nuclear layer, and appears to be expressed at low levels in the eye. Immunolabeling was clearly observed in bovine cone and rod OS with a weaker signal in Müller cells. RDH14 as well as similar SDRs such as RDH11 and RDH12, catalyzes the reaction, NADPH/retinals ↔ NADP/retinols, and employs 11-cis-retinal and all-trans-retinal equally well as substrates when they are present in a reaction mixture at identical concentrations. No steroid dehydrogenase activity has been detected for RDH14 and its role in the retinoid cycle has not been characterized.
RPE65: retinoid isomerase

Brief history of RPE65
RPE65, also known as p63, was identified in the early 1990's as a major protein of bovine RPE microsomal membranes [108] [109] [110] [111] [112] . The function of this protein remained obscure until 1997 when it was shown to bear sequence homology to a newly identified carotenoid cleavage oxygenase involved in abscisic acid biosynthesis known as viviparous 14 (VP14) [113, 114] . In this same year RPE65 mutations were found in patients with LCA, the childhood blinding disease, establishing a critical role for this protein in maintenance of retinal health [115, 116] . The following year, the phenotype of Rpe65 −/− mice was described [117] . These mice are highly visually impaired with no detectable ocular 11-cis-retinoids and an over accumulation of all-trans-retinyl esters. Despite these compelling findings, investigators were initially unable to demonstrate retinoid isomerization activity in a defined in vitro system using purified RPE65, which lead to the conclusion that RPE65 is not a retinoid isomerase itself but is a retinyl ester-binding protein that provides substrate to the true isomerase [118] [119] [120] [121] [122] . In 2005, three groups showed that expression of RPE65 in cell lines expressing other known components of the retinoid cycle bestowed retinoid isomerase activity upon the cells [28] [29] [30] . These findings led to the general acceptance of RPE65 as the physiological isomerase of the retinoid cycle. Recently, assay conditions have been developed under which low-level isomerase activity can be demonstrated from purified RPE65 [123] .
Evolution and genetics
4.2.1. Relationship of RPE65 to the carotenoid oxygenases-On the basis of sequence homology, RPE65 belongs to a family of proteins known as carotenoid cleavage oxygenases (CCOs) [124] . Members of this family share a common core protein fold and possess four absolutely conserved His residues that coordinate an essential iron cofactor. CCOs are present in all kingdoms of life indicating that the ancestral protein appeared early during evolution; however, RPE65 is only found in vertebrates. In most species examined, the RPE65 gene encodes a protein 533 amino acids in length. RPE65 is well conserved at the protein level with sequence identity values of at least ~75% even amongst distantly related vertebrates (e.g. human vs. zebrafish). Besides RPE65, the human genome encodes two other CCO members known as ββ′-carotene monoxygenase I (BCMO I) and ββ′-carotene dioxygenase II (BCDO II). RPE65 is approximately 40% and 43% identical to BCMO I and BCDO II, respectively. The BCMO I and BCDO II protein chains are slightly longer than RPE65 with BCMO I containing an extended C-terminus and BCDO II featuring a mitochondrial-targeting N-terminal signal sequence.
Despite the structural features shared by this family of proteins, the substrate specificity and even the enzymatic activity possessed by individual members is variable [125] . The first member of this family to be cloned, a CCO from Pseudomonas, was found to oxidatively cleave non-carotenoid stilbene compounds at the α,β double bond [126] [127] [128] . CCOs found in higher organisms are thought to catalyze the cleavage of various carotenoids under physiological conditions [125] . RPE65 is the only examined member of this family for which oxidative cleavage capacity has never been demonstrated [129] . Interestingly, certain insect CCOs possess both oxidoreductase and isomerase activities [130] .
Control of RPE65 expression-In humans, RPE65
is encoded on the short arm of chromosome 1 [131] . The gene consists of 14 exons separated by variable length introns [132] . The RPE65 protein is expressed almost exclusively in the RPE as its name indicates although there have been reports of RPE65 expression in the pineal gland of zebrafish [34] and cone photoreceptor cells of some species [133, 134] . RPE65 protein expression is detectable a few days after birth just before the photoreceptor OS develops [109] . Thereafter, the protein is thought to be expressed at high levels throughout the lifetime of the organism. Environmental cues are important for maintenance of RPE65 expression as it is quite rapidly lost in cultured RPE cells [109] . It is thought that control of RPE65 expression is achieved at both the transcriptional and post-transcriptional levels [109, 135, 136] . The human and mouse RPE65 promoter regions have been characterized in detail and contain conserved octamer, nuclear factor-1, AP-4, and E-box transcription factor consensus sites as well as non-canonical TATA-like box sequences [135, 137] . The octamer and E-box sites appear to confer RPE-specific expression of RPE65 [137] . Post-transcriptional control of RPE65 expression has been attributed to the presence of AU-rich regions in the 3′ UTR of the mRNA that target it for degradation [109, 136] .
RPE65 structure
4.3.1. Chain fold and surface topography-The structure of bovine RPE65 isolated from native microsomal membranes has been determined by x-ray crystallography [138] . The protein adopts a seven-bladed β-propeller structure that is sealed in a "Velcro" fashion within blade VII via interaction between the first and last strands of the core propeller fold (Fig. 5A) . In addition to the core propeller, there is an N-terminal extension that provides a β-strand each to blades VI and VII as well as an internal extension that forms a two strand addition to blade III. The top face of the propeller is capped by several extended, α-helical segments that pack together and help form the active site of the enzyme (Fig. 5B) . The segments connecting the strands on the bottom face are shorter and only one short α-helix is present.
There are two major pockets that extend into the protein interior. The first of these pockets enters the protein on the bottom face of the propeller, extends roughly along the propeller axis and terminates just prior to reaching the bound iron atom found near the center of the protein on the propeller axis. This hydrophilic pocket has an approximate volume of 1400 Å 2 [139] and is formed as a consequence of the doughnut-like shape of the core propeller structure. The second pocket enters the protein at the junction between the top face of the propeller and the helical cap. This pocket houses the active site of the enzyme and has an approximate volume of 2000 Å 2 . Analysis of the solvent accessibility of this pocket indicates that it contains only a single mouth suggesting that substrate and product must pass into and out of the protein via the same route.
4.3.2.
Active site-The hydrophobic pocket allows direct access to the catalytic iron atom and thus forms the retinoid passageway as well as the enzymatic active site. The lining residues are mainly hydrophobic with a few exceptions such as residues involved in iron coordination. A number of Phe, Tyr and Trp side chains contribute to formation of this pocket and their presence may have implication for the catalytic mechanism of RPE65 as discussed below. Notably, no Cys side chains face the interior of this pocket.
The catalytic iron is coordinated by the epsilon nitrogen atoms of the four conserved His residues 180, 241, 313 and 527 and the iron-His bond lengths are all approximately 2.1 Å. The geometry of coordination is roughly octahedral with two open coordination sides that are presumably used to promote catalysis. Delta nitrogen atoms of His residues 241, 313 and 527 form hydrogen bonding interactions with the carboxylate moieties of Glu residues 148, 417 and 469, respectively, whereas the delta nitrogen atom of His 180 hydrogen bonds with a water molecule found in the large hydrophilic cavity mentioned above. These His and Glu residues in the coordination system are absolutely and highly conserved amongst CCO members, respectively [125] .
4.3.3.
Mouth of the retinoid passageway-A notable feature of the protein is a cluster of amphipathic structural elements formed by residues 196-202, 234-236 and 261-271 that are situated in the area immediately surrounding the entrance to the active site-containing pocket [138] . This region is enriched in Ser, Trp, Lys and Arg residues that can interact with phospholipid headgroups as well as Phe, Leu and Ile residues that could penetrate the bilayer and interact with phospholipid acyl chains [140] . Residues 109-126 are predicted to form an amphiphilic α-helix and be located nearby the pocket entrance but these residues were unresolved in the crystal structure [87, 110, 138] . We believe that it is this surface of RPE65 that interacts with the lipid bilayer and allows uptake of retinyl esters. The crystal structures of Synechocystis apocarotenoid oxygenase (ACO) and VP14 from Zea mays feature similar amphipathic/hydrophobic patches near the entrances to their active sites suggesting a conserved mechanism for interaction with lipid membranes [141, 142] .
"Palmitoylation switch" Cys residues-RPE65
was previously thought to cycle between a soluble and a membrane bound state via reversible palmitoylation of Cys residues 231, 329 and 330 [120] . These residues were all well-resolved in the crystal structure allowing us to assess the structural feasibility of this mechanism [138] . Although the protein used in this crystallographic study was purified from native RPE microsomal membranes, the electron density maps do not indicate the presence of S-palmitoylation at any of the abovementioned Cys residues. Furthermore, the side chains of these Cys residues are not surface exposed indicating that significant conformational changes would be required in order for them to undergo palmitoylation. These results agree with previous biochemical studies that evaluated the palmitoylation status and functional importance of these Cys residues [29, 143, 144] .
RPE65 enzymology
4.4.1. Role of membranes-Rando and colleagues first isolated a membrane fraction from frog RPE that contained isomerase activity in the late 1980's [145] . However, the exquisite inhibitory effects of detergents on the isomerase prevented molecular identification of the responsible protein(s) [146] . These studies established that the isomerase was a membrane-bound protein. The mechanism of RPE65-membrane association remains controversial with data supporting roles for both hydrophobic and electrostatic forces in mediating this interaction (reviewed in [147] ). However, it is now clear that the RPE65-membrane interaction is critical for the enzymatic activity of this protein [87, 123, 148] .
Besides the importance of the physical interaction between RPE65 and membranes for isomerization activity, the membrane phospholipids have been hypothesized to indirectly provide energy necessary for endergonic trans-to-cis retinoid isomerization through their use in formation of retinyl esters by LRAT as discussed below [149] .
4.4.2.
Substrate of the isomerase-Through the use of isotope-labeled retinoids, it was demonstrated that all-trans-retinol or a derivative in the same redox state was the compound subject to enzymatic isomerization rather than all-trans-retinal [150] . The actual substrate of the isomerase remained unclear for many years. Initial observations suggested that RPE membranes could produce 11-cis-retinol from all-trans-retinol but not all-trans-retinyl palmitate, which suggested that retinyl esters were not substrates for the isomerase [145, 146] . Later work employing improved methods for delivering retinyl esters provided compelling evidence that retinyl esters are indeed the natural substrates for the isomerase [14] . However, pulse-chase experiments have established that a large fraction of the retinyl esters in RPE cells are not immediately available to be isomerized [94] . The discovery of retinyl ester storage particles called retinosomes has provided an ultrastructural explanation for this finding [17, 18] . In the studies that established RPE65 as a retinoid isomerase, it was observed that co-expression of LRAT with RPE65 was required in order to observe robust isomerase activity, indicating that in situ generation of retinyl esters is the most effective way of providing substrate to RPE65 [28] [29] [30] .
Mechanism of retinoid isomerization-Although
RPE65 is classified as an isomerase, this protein actually catalyzes a coupled reaction consisting of a double bond geometrical isomerization and an atypical ester hydrolysis (discussed below). Thus, RPE65 is also referred to as an isomerohydrolase. The mechanism of this unusual reaction has been studied quite extensively but is still not fully elucidated. A fundamental requirement for retinoid isomerization to occur is the temporary lowering of the C 11 -C 12 bond order so that low energy rotation to the cis configuration can occur. Additionally, energy input is required because trans-to-cis isomerization is an endergonic process. In principle, the energy released during ester hydrolysis (ΔG ≈ −5 kcal/mol) could be used to drive the uphill isomerization, which has a ΔG value of ~4 kcal/mol [149] . However, the fact that CRALBP, an 11-cisretinol and 11-cis-retinal-binding protein, is needed for efficient production of 11-cis-retinol in in vitro assays suggests that product release is actually the rate limiting step of the isomerization process [94, 151] . The reaction could thus be driven by a downstream process that provides energy.
An interesting feature of the coupled reaction is that the oxygen atom bound to carbon C 15 of the retinyl moiety of the retinyl ester substrate is lost and replaced with an oxygen atom derived from water in the product [138, 151, 152] (see Fig. 6 for standard retinoid carbon numbering). There are two mechanistically distinct, proposed reaction schemes that account for these observations, both of which feature an intermediate with the required reduced polyene bond order (Fig. 6 ).
The first of these proposed mechanisms is an S N 1 nucleophilic substitution reaction where the ester leaves via O-alkyl cleavage and is replaced by either water or a hydroxide anion [151] . Ester dissociation is thought to be promoted by interaction with a Lewis acid such as a proton or metal ion [66, 151] . The intermediate of the reaction is a resonance-stabilized retinyl carbocation. Theoretical calculations indicate that the energy barrier for C 11 -C 12 bond rotation is reduced from ~36 kcal/mol in the ground state to ~18 kcal/mol in the carbocation intermediate consistent with the experimentally determined activation energy of 17 kcal/mol for the isomerization reaction [151] . Because the carbocation is delocalized over several carbon atoms, multiple isomers might be expected to be generated during the reaction. Indeed, RPE65 has been shown to enzymatically produce 13-cis-retinol in addition to 11-cis-retinol and various active site mutations can alter the 13-cis/11-cis-retinol ratio [95] . Although one might predict that 9-cis-retinol could also be generated, production of this isomer is not observed. Preferential stabilization of the carbocation on the C 11 and C 13 atoms may account for these observations. The active site of RPE65 contains a number of aromatic residues that would be well suited to stabilize the carbocation [138] . Saturation of any of the polyene double bonds of retinol prevents the resulting compound from being isomerized indicating the entire conjugated double bond system is involved in the reaction [153] . Such conjugation may be required for the generation of a semi-stable and long-lived carbocation intermediate.
The second mechanism is best characterized as a dual S N 2′ nucleophilic substitution reaction [152] . In the first step, an active site nucleophile attacks C 11 of the retinoid leading to the expulsion of the ester moiety, again via an O-alkyl cleavage event. This stable, covalent intermediate has a single bond connecting C 11 to C 12 allowing free rotation to a cis-like state. Following this rotation, a nucleophilic hydroxide ion attacks C 15 leading to dissociation of the C 11 -bound active site moiety and restoration of the conjugated double bond system (Fig. 6 ).
The former mechanism is favored by our group; however, there are several unexplained features of the isomerization reaction and the RPE65 protein that require further clarification before the enzymatic mechanism can be fully understood.
Role of the RPE65 iron cofactor in retinoid isomerization-RPE65
, like its carotenoid cleaving relatives, requires a ferrous iron cofactor for enzymatic activity [154] . This requirement has been shown by a variety of experiments including site-directed mutagenesis of the conserved His and Glu residues involved in iron coordination [29] and exposure of RPE65 to chelating agents followed by reconstitution with various metals [138, 154] . The latter experiment demonstrated that Fe 2+ but not Fe 3+ , Cu 2+ or Mg 2+ could partially restore the isomerization activity of RPE65. In the true carotenoid cleaving oxygenases the iron cofactor serves to activate molecular oxygen for addition across the double bond that will be oxidatively cleaved [155] . RPE65 is not known to perform such an oxidative cleavage reaction and the retinoid isomerization reaction does not involve a change in redox state of any carbon atom. Therefore, the specific requirement of ferrous iron for the isomerization reaction is rather puzzling. One possibility for the role of iron in retinoid isomerization is that it could serve as a Lewis acid that facilitates ester dissociation in the isomerization reaction either by binding water to facilitate proton transfer to the ester moiety or by directly interacting with the ester oxygen atoms. In the "as isolated" RPE65 crystal structure, the active site contained electron density consistent with the presence of a fatty acid interacting with the iron cofactor [138] . This observation provides support for a Lewis acid role for iron in the reaction, but further enzymatic studies and structures containing bound intact retinyl esters will be required to clarify the role of this metal in retinoid isomerization.
4.4.5.
Interaction with other retinoid cycle enzymes-In a number of studies, RPE65 or its fragments have been observed to associate with other proteins that are involved in the retinoid cycle including RDH5, CRALBP and retinal G protein-coupled receptor (RGR) [86, 87, 156, 157] . The RPE65-RDH5 interaction has been observed most often and this complex can be trapped by treating RPE65 microsomal membranes with Cys crosslinking agents [87] . Although RPE65 has now been shown to function independently as a retinoid isomerase, the formation of complexes between retinoid cycle components could promote efficient transfer of retinoids in vivo.
RPE65 in disease and therapeutics
4.5.1. Diseases caused by RPE65 mutations-A major interest in RPE65 derives from its involvement in severe childhood retinopathies. In 1997, the first reports associating RPE65 mutations with the autosomal recessive, severe childhood retinopathy, LCA, were published [115, 116] . A number of RPE65 mutations have now been shown to cause LCA or a somewhat milder disease known as autosomal recessive retinitis pigmentosa (arRP). LCA and arRP are heterogeneous diseases that can be caused by defects in a variety of proteins [158, 159] . RPE65 mutations account for around 6% to 12% of LCA cases [159] . LCA resulting from loss of RPE65 function is referred to as LCA2.
RPE65 gene therapy-Treatment of human LCA2 via RPE65
gene therapy has been a major success story in the gene therapy field [160] [161] [162] [163] [164] . Initial gene therapy studies employing subretinal administration of RPE65-encoding adeno-associated virus (AAV) vectors were conducted in the Briard dog model of LCA2 and resulted in substantial visual function improvement in these animals [165] . Further successful studies in dogs, mice and primates [166] [167] [168] [169] paved the way for the first human clinical trials using AAV2-RPE65 for the treatment of LCA in 2007 [170, 171] . These trials have demonstrated modest, but sustained improvements in visual function without evidence of toxicity. Outcomes are expected to improve as vector delivery methods are optimized and as patients with LCA2 are treated early in the disease before extensive photoreceptor degeneration has occurred [163] .
Partial inhibition of RPE65
for the treatment of diseases associated with A2E accumulation-Rpe65 −/− mice have been observed not to accumulate lipofuscin in the RPE with age like normal mice [172] . Lipofuscin is a heterogeneous, fluorescent material that consists of many types of retinal adducts [173] . A major component of RPE lipofuscin is A2E, which has toxic effects on RPE cells [174, 175] . The decreased production of A2E in Rpe65 −/− mice suggested that partial inhibition of RPE65 function might protect against retinal damage in diseases associated with A2E accumulation such as Stargardt disease and age-related macular degeneration (AMD). In pursuit of this goal, an amine derivative of retinol, called all-trans-retinylamine was synthesized on the basis of its structural similarity to the putative carbocation intermediate of the retinoid isomerization reaction and was found to potently inhibit retinoid isomerization in vitro [66] . Furthermore, this compound strongly protected against light-induced retinal degeneration in mice [67] . In addition to retinylamine other compounds that potentially inhibit the visual cycle via RPE65 inhibition have been identified. Long-term treatment of individuals with the acne medication 13-cis-retinoic acid has been observed to cause night blindness [176] . This effect was reported to result from RPE65 inhibition [177] although this mechanism has been questioned [68] . Additionally, non-retinoid isoprenoid derivatives have also been studied as potential partial inhibitors of RPE65 function [178] . Although these compounds were shown to bind to RPE65, their ability to slow the visual cycle in vivo appears to be limited [68, 179] . Thus, retinylamine remains the most potent and efficacious agent for slowing the visual cycle via partial inhibition of RPE65 activity [68] .
Conclusions
Because the retinoid cycle lies at the heart of vertebrate vision, remarkable progress has been achieved by using genetic animal models and traditional biochemistry with conjunction with structural biology. Two reactions discussed in this review are common to other tissues including acyltranfer and redox reactions of retinol. Even eye specific isomerization reaction found relevance in the context of CCO enzymes. Combined with novel, cutting-edge biophysical techniques developed in vision research to gain knowledge about the structure and function of these enzymes paved the way to understand similar reactions in other biological system. Success in this endeavor is critical to understanding the pathogenesis of retinal diseases that are related to these enzymes and the toxicity of elevated retinoid cycle intermediates in devising therapies for their successful treatment for human blinding diseases (see also [180] ).
Fig. 1. The retinoid cycle regenerates 11-cis-retinal
In rod outer segments (ROS), 11-cis-retinal (11-cis-Ral) couples to a protein opsin, forming rhodopsin [2] . Absorption of a photon of light by rhodopsin causes photoisomerization of 11-cis-Ral to all-trans-retinal (at-Ral) leading to its release from the chromophore-binding pocket of opsin. The movement of at-Ral and certain at-Ral conjugates from the intradiscal face to the cytosolic face of disk membranes is accomplished by the ABC transporter ABCR (also known as ABCA4). At-Ral then is reduced to all-trans-retinol (at-Rol) in a reversible reaction catalyzed by an NADPH-dependent all-trans-retinol dehydrogenase (RDH). At-Rol diffuses across the interphotoreceptor matrix (IPM) facilitated by the interphotoreceptor retinoid-binding protein (IRBP) into the retinal pigment epithelium (RPE) where it is esterified in a reaction catalyzed by lecithin:retinol acyltransferase (LRAT). There, all-transretinyl esters may be stored in retinyl ester storage particles (RESTs), also known as retinosomes, or may serve as the substrate for RPE65 that converts them to 11-cis-retinol (11-cis-Rol), which is further oxidized back to 11-cis-Ral by RDH5, RDH11 and other RDHs. 11-cis-Ral formed in the RPE diffuses back into the rod and cone outer segments, where it completes the cycle by recombining with opsins to form rhodopsin and cone pigments. Diseases that result from mutations in proteins involved in the retinoid cycle are indicated in blue boxes. AMD -age-related macular degeneration, CSNB -congenital stationary night blindness, LCA -Leber congenital amaurosis, RP -retinitis pigmentosa. Reproduced with permission from Trends in Biochemical Sciences from reference [4] . See reviews [4] [5] [6] [7] for more details. A. Putative architecture of the LRAT catalytic domain showing positions of key residues in the active site. The overall structure, including a catalytic Cys residue at the amino terminus of a helix packed against a core of β-sheets containing the conserved His residue and its orienting polar partner, is characteristic of NlpC/P60 and structurally related proteases. A homology model of the human LRAT catalytic domain (Tyr42 -Pro173) was generated with the SWISS-MODEL server [181] based on the NMR structure of HRASLS3 (PDB accession code 2KYT). Initial model coordinates were examined with COOT [182] to optimize the stereochemistry and inter-residue contacts. The model was then energyminimalized by using CHIMERA [183] . B. Schematic representation for the proposed mechanism of LRAT enzymatic activity showing involvement of Cys161, His60, and His72. The sequence of catalytic steps includes deprotonation of a Cys residue, a nucleophilic attack of sulfur on the carboxyl carbon of the ester bond, tetrahedral intermediate formation, and transient protein acylation accompanied by release of Lyso-PC. In the presence of retinol, the thioester is broken by nucleophilic attack of retinol's activated hydroxyl group causing formation of a tetrahedral intermediate and subsequent acyl transfer onto retinol to form the final retinyl ester product (see text for details). Protein sequences of vertebrate RDHs from human, bovine and mouse were aligned with Tcoffee [184] and an unrooted phylogenetic tree was created using the Protdist and Neighbor programs from PHYLIP [185] . Bootstrap values from 1000 replicates are displayed on the tree branches as percentages. Multiple RDHs contribute to retinoid metabolism in the eye. RDH5, RDH10 and RDH11 express in the RPE are responsible for the reaction from 11-cis-retinol to 11-cis-retinal. RDH8 expression is found in rod and cone photoreceptors, and cone OS express RDH8 and retSDR1. Expression of RDH12 is detected in rod and cone inner segments, and RDH11 is found in rod inner segments. RDHs in the photoreceptors function as all-trans-RDH that catalyzes all-trans-retinal to all-trans-retinol in the retinoid cycle. Proposed mechanisms of trans-to-cis retinoid isomerization. Standard numbering of the retinoid carbon atoms is shown on top. A. S N 1 mechanism with isomerization facilitated by the formation of a carbocation intermediate. The initial O-alkyl cleavage is promoted by interaction of the ester with a Lewis acid (X). B. S N 2′ mechanism with isomerization occurring after attack of a nucleophile (X) on C 11 . In both mechanisms, the conjugated double bond system is restored by nucleophilic attack of water or hydroxide ion on C 15 . See text for details.
